Kondo effect of Co adatoms on Ag monolayers on noble metal surfaces 
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The Kondo temperature Tk of single Co adatoms on monolayers of Ag on Cu and Au(lll) is 
determined using Scanning Tunneling Spectroscopy. Tk of Co on a single monolayer of Ag on either 
substrate is essentially the same as that of Co on a homogenous Ag(lll) crystal. This gives strong 
evidence that the interaction of surface Kondo impurities with the substrate is very local in nature. 
By comparing Tk found for Co on Cu, Ag, and Au (lll)-surfaces we show that the energy scale of 
the many-electron Kondo state is insensitive to the properties of surface states and to the energetic 
position of the projected bulk band edges. 
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The interaction of a magnetic impurity with the elec- 
trons of a non-magnetic host serves as a paradigm of 
many-body physics. The explanation of the resistiv- 
ity minimum of dilute magnetic alloys at low temper- 
atures and the development of appropriate theoreti- 
cal tools to understand the rich phenomenology of the 
Kondo effec1»ii£ are still shaping the research now done 
in heavy fermion systems and Hi-Tc superconductivity. 3 
Even in the domain of the classical Kondo effect interest 
has been renewed when two different experimental ap- 
proaches became possible: one was to study the Kondo 
effect in quantum dots which behave like artificial "spin 
impurities" jL0& the other was the use of the Scanning 
Tunneling Micrsoscope (STM) to study the electronic 
properties of single magnetic atoms on metal surfacesi^ 
We present here results of the latter technique. 

The Kondo effect is due to the formation of a corre- 
lated singlet ground state at low temperatures in which 
the magnetic spin of the impurity is screened by a cloud 
of conduction band electrons interacting with the impu- 
rity. The formation of this state lowers the energy of the 
electronic system by the amount ksTx, where Tk is the 
Kondo temperature of the system which ranges from sub- 
Kelvin to several hundred Kelvin. As function of tem- 
perature T transport coefficients like resistivity, specific 
heat, and susceptibility depend on T/Tk, making Tk 
the fundamental parameter of the low energy excitations 
of the many-electron problem. The special properties of 
the transport coefficients are caused by the formation of 
a resonance at the Fermi energy in the single particle 
density of states of the impurity. Its half width is \zbTk 
for T << Tk~ Whereas transport measurements probe 
this resonance indirectly it has been directly probed by 
(normal and inverse) photoemission spectroscopy in the 
case of Kondo alloys that contain rare earth metals^ and 
by Scanning Tunneling Spectroscopy (STS) for 3d impu- 
rities at surfaces It has been a first concern 
to understand the mechanism by which the Kondo res- 
onance peak in the impurity density of states is trans- 
formed into the Fano line shape seen by STSii^i^i^ In 
contrast, here we are concerned with understanding what 
determines the Kondo temperature of a magnetic surface 
impurity. Recently, we have put forward a simple model 



based on a tight-binding approach to adatom hybridiza- 
tion that allows to understand the trends in Tk for Co 
on a variety of noble metal surfaces^ The experiments 
presented here support the tight-binding view since it ap- 
pears that in an overlayer system Tk is determined by 
the chemical identity of the first surface layer. 

Single crystal surfaces were prepared by standard sput- 
tering and annealing cycles in ultra-high vacuum (base 
pressure 1 • 10~ 10 mbar). For the experiments on over- 
layer systems Ag was evaporated from an electron beam 
heated source at room temperature. The samples were 
then transferred in situ to an STM working at 6 K. Co 
adatoms were produced by dosing Co from a carefully 
out-gassed tungsten wire with a Co wire of 99.99% pu- 
rity wrapped around it. During that process the sample 
temperature stayed below 20 K ensuring the deposition 
of single adatoms due to a repulsive interaction between 
them on noble metal (111) surfaces^ Spectroscopic mea- 
surements were performed using a lock-in technique with 
a modulation of the sample voltage of IhiVrms at a fre- 
quency of 4.5kHz. All bias voltages are sample potentials 
measured with respect to the tip. 

In Fig. we compare the experimental dl/dV spec- 
tra taken with the STM-tip on top of a Co adatom on 
1 monolayer (ML) of Ag on Cu(lll) with those of a 
Co adatom on the clean (111) surfaces of Cu and Ag. 
By preparing islands of Ag on Cu(lll) we were able to 
probe Co on Cu(lll) and Co on Ag/Cu(lll) with the 
same microscopic STM tip. Therefore a broadening of 
the Ag/ Cu(lll) spectra due to experimental artifacts can 
be excluded. (The Co on Ag(lll) spectrum was taken 
with a different tip on a Ag(lll) crystal.) The spectra 
were fitted to the line shape given by the Fano expression: 



where e = p ejr is the normalized energy and efc is the 
position of the resonance of width T relative to the Fermi 
energypi^i^ In the following we will identify the Kondo 
temperature Tk with the half width T/ks of the mea- 
sured resonance. We find that for a Co adatom on one 
ML of Ag on Cu(lll) Tk is within the error bounds the 
same as that of a Co adatom on Ag(lll). A system- 
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FIG. 1: Comparison of experimental dl/dV spectra taken 
with the tip above a single Co adatom on a 1ML Ag film on 
Cu(III) with that on the clean Cu(III) and Ag(III) surfaces. 
Spectra are fitted to Eq. with Tk as indicated, average 
values of sets of measurements are given in table H| For 1ML 
of Ag the width of the resonance which is proportional to Tk 
is already that of the adatom on Ag(lll). 
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FIG. 2: Same as Fig^but for a Co adatom on 1 and 2 ML of 
Ag on Au(lll) compared to Au(lll) and Ag(lll). Already 
for 1ML of Ag the resonance width is the same as that of the 
adatom on Au(lll). 



atic study of the influence of the known reconstruction 
of the Ag film on Cu(lll) was not yet undertaken. Wc 
expect, however, that it will be similar to the situation 
encountered at Au(lll). Here an influence of the sur- 
face reconstruction on the line shape but not on Tk was 
observed^ 

The spectra of single Co adatoms on 1 or 2 ML of Ag on 
Au(lll) are shown in Fig. El They yield the same finding 
as the Ag/Cu(lll) case. In the Ag/Au case it becomes 
more obvious that the line shape (parameter q) is a func- 
tion of Ag layer thickness. The line shape is related to the 
electronic structure of the host and the balance between 
tunneling into adsorbate and into host electronic states 
respectively£2ii£ii£ Since q of Co on the Ag overlayer 



systems deviates from that of Co on Ag(lll) whereas 
Tk does not, this parameter apparently reflects single- 
particle electron wave functions and scattering processes 
rather than the many-electron properties of the systems 
which we focus on in this paper. What can already be 
seen is that electronic properties on length scales much 
shorter than the spin-correlation length (expected to be 
of the order 100 nm in the systems studied here) deter- 
mine Tk- 

In table [I] we summarize the average Tk of the res- 
onance of Co adatoms on the various surfaces that are 
of concern here. We also quote the Fano-parameter q, 
parameters of the surface state at T like the onset en- 
ergy Eq, and effective mass to* , as well as the band edge 
positions of the sp-bands at the L-point of the bulk Bril- 
louin zone El , and El 1 , and the work function <f>. The 
purpose of the latter parameters is to discuss in the fol- 
lowing whether they play a decisive role in determining 
the measured Kondo temperatures of Co adatoms. 

Tk of a magnetic impurity system depends very sen- 
sitively on the details of the hybridization of the atomic 
levels of the impurity with the host electronic system. In 
fact, from the Kondo model it follows that 



T K « De 



(2) 



where D is the width of the substrate band, J is the 
antiferromagnetic (J > 0) coupling of the impurity spin 
with the spins of the substrate electrons and pf is the 
substrate's density of states at the Fermi energy. J de- 
pends on the coupling matrix elements of the host elec- 
trons with the impurity. The exponential dependence of 
Tk on J makes Tk very sensitve to details of adatom 
hybridization allowing to discuss the contribution of dif- 
ferent bands towards J. 

First we want to discuss whether the properties of 
the (lll)-surface state determine Tk- If we look at the 
surface-state band in these systems, we see that a change 
in Eq or m* does not cause a systematic change in Tk- 
Although in the overlayer systems the surface-state on- 
set energy will shift only within the first 5-10 Ag layers 
to the value of the Ag(lll) surface *2ii22i there occurs no 
change in Tk after the first layer. Furthermore, since 
Pf = ^fcz for a two-dimensional electron gas, the surface- 
state properties would not only enter Eq. [21 via the band 
width but also via pp- We note that systematic changes 
in Tk due to the surface-state band are not observed. 

It was argued by Lin et ali2£ that the surface-state elec- 
trons play a major role in the formation of the Kondo 
state for Co on Cu(lll) through their dominant contri- 
bution to J. Most of that dominance is linked to the fact 
that surface-states are naturally normalized to an area 
rather than a volume leaving the decay of the state into 
the bulk crystal as a weight determining parameter. To 
see whether the mere presence of a surface state together 
with its decay determines Tk we argue that in Ag(lll) 
the surface state is almost like a surface resonance with 
weight up to the 10th crystal layer from the surface^ 
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TABLE I: Average Kondo temperature Tk and line shape parameter q for Co adatoms on noble metal surfaces and monolayer 
systems. Also given are the surface state onset Eo and its effective mass m* , the bulk band edge energies at L El 2 , and 
El 1 , and the work- function <f>. For the overlayer systems El 2 , and El 1 were taken to be those of the underlying bulk crystal, 
whereas <f> was assumed to be that of Ag. All energies are given relative to the Fermi energy. (* denotes data measured in this 
paper) 
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whereas in Cu(lll) the surface state decays much more 
rapidly. Consequently, the weight of the surface state at 
the surface is much smaller in Ag(lll) than in Cu(lll). 
By producing an overlayer of 1ML Ag on Cu(lll) the 
surface state still decays rapidly into the bulk and one 
would therefore expect a similar contribution of this state 
to Tk as on the unmodified Cu(lll) which appears not 
to be the case. 

The decay of the surface state into the bulk is related 
to the positions of the bulk band edges at L. The band 
edges determine the energetic positions of states with 
large momentum perpendicular to the surface plane that 
could lead to differences in the hybridization of the Co 
adatom. However, inspection of table [I] tells that this 
does not influence Tk- in the overlayer systems the bulk 
electron states are unchanged and so is the bandgap at 
L, but Tk deviates greatly from that of the impurity on 
the clean host crystal. 

Finally, also the surface dipole, i.e. the work function, 
can be shown not to influence Tk- If the decay length 
of wave functions into the vacuum and the adsorbate po- 
sition relative to the surface layer determined Tk this 
would explain why Tk on the overlayer systems is that of 
Co on Ag(lll). However, Co on Cu(lll) would have the 
highest degree of hybridization due to its short binding 
length (as estimated from a hard sphere model) followed 
by Ag(lll) and then by Au(lll) due to <j) A a < (f, Au . 
This is in contradiction to T^ u < T^ 9 . From the data 
presented here we can therefore conclude that changes in 
the sp-bandstructure including the surface states on the 
noble metal (111) surfaces do not induce a change in the 
Kondo temperature of magnetic adatom systems. This 
leads us to the conclusion that the interaction determin- 
ing the Kondo temperature of a surface impurity system 
is very local in nature, probably involving the d-orbitals 
of the substrate atoms. 

A key to understanding the trend of Kondo temper- 
atures of single magnetic surface impurities could lie in 
studying connections between calculated single particle 
properties and their mapping onto the many-body prob- 
lem. We would like to discuss such an example in the fol- 
lowing to trigger more theoretical investigations. To do 
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FIG. 3: Logarithmic plot of the Kondo temperature of single 
Co adatoms on Cu, Au, and Au(lll) plotted vs. the d-level 
shift Se d calculated with LMTO-ASA 2 ^ for Co in the first 
crystal layer. 



so, we have to use the expression for the Kondo tempera- 
ture in the more general single impurity Anderson model 
instead of the Kondo model (Eq. In the Anderson 
model the coupling constant J is replaced by (Schrieffer- 
Wolff transformation^!) 



1 
J 



AU 



M • \e d + U\ 



(3) 



where td is the energy of the impurity level, A its width 
acquired through hybridization, and U is the on site 
Coulomb repulsion. When comparing Tk values of a spe- 
cific impurity (in our case Co) on different host metals a 
strong variation in Tk is expected from changes in ed as 
this can vary by hundreds of meV. In Fig.|3|we demon- 
strate that there exists a linear relation between the cal- 
culated Sed for Co as a first layer impuritj*2& and the 
logarithm of the measured Tk for the three systems Cu, 
Au and Ag(lll). The calculated Sed were originally used 
in conjunction with the model by Hammer and N0rskov 
to understand trends in the reactivity of transition and 
noble metal surfaces^ 
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The observed relation between 8td and Tk indicates 
that the trend of the Anderson model €d for the three 
surfaces can be written as €d — e<jo + dtd where Cdo , and 
A and U do not vary between the three systems or are a 
property of the adatom. We note that the calculation of 
Ref. predicts the lowest degree of hybridization for Co 
on Ag(lll) and the highest for Cu(lll) consistent with 
our earlier observation of a simple scaling law for Tk of 
Co on other noble metal surfaces^ 

A similar relation can be found between Tk and 
the calculated orbital moments of Co in Ag, Au, and 
Cui^S An interesting aspect of this is that it might lead 
to an understanding of the interplay between Kondo 
physics, spin-orbit coupling and the magnetic anisotropy 
energy^ At surfaces the anisotropy energy of single im- 
purities can reach values comparable to the Kondo tem- 
peratures discussed herei^ 

In conclusion, we have determined the Kondo temper- 
ature Tk of single Co adatoms in interaction with Ag 
mono- and bilayers on Cu(lll) and Au(lll) by STS and 
compare the results to Tk found for Co on the (111) sur- 
faces of Cu, Ag and Au. We observe that Tk on the Ag 



over layers is that of the Co adatom on Ag(lll) already 
for the first monolayer of Ag on either Cu or Au(lll) 
despite the fact that Tg v < T£ u < T^ 9 for the homoge- 
nous substrates. We find that properties of the surface 
states and the energetic positions of the sp-derived bulk 
bands found in these substrates cannot explain the trend 
in Tk- Since the topmost crystal layer determines Tk it 
is suggested that a more local interaction of the Co d- 
levels with the d-bands of the host metal is decisive. To 
further explore the Kondo properties of Co on the noble 
metal (111) surface a correlation of the trend of Tk with 
the trend of the calculated shift of the impurity's d-level 
on the different surfaces is shown. These single-electron 
calculations have been used to explain the reactivity of 3- 
d impurity sites at surfaces. The link between chemistry 
at the surface and the many-body Kondo effect is estab- 
lished by the fact that both properties depend sensitively 
on the details of the impurity-host interaction. This ob- 
servation might be useful to gain a deeper understanding 
of the Kondo physics of adatom systems. 



1 J. Kondo, Prog. Theor. Phys. 32, 37 (1964) 

2 P.W. Anderson, Phys. Rev. 124, 41 (1961) 

3 A.C. Hewson, The Kondo Problem to Heavy Fermions, 
Cambridge University Press (1993) 

4 D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. 
Abusch-Maggder, U. Meirav and M.A. Kastner, Nature 
391, 156 (1998) 

5 S.M. Cronenwett, T.H. Oosterkamp and L.P. Kouwen- 
hoven, Science 281, 540 (1998) 

6 J. Schmid, J. Weis, K. Eberl and K. v.Klitzing, Physica B 
256258, 182 (1998) 

7 V. Madhavan, W. Chen, T. Jamneala, M.F. Crommie, and 
N.S. Wingreen, Science 280, 567 (1998) 

8 J. Li, W.-D. Schneider, R. Berndt, and B. Delley, Phys. 
Rev. Lett. 80, 2893 (1998) 

9 F. Reinert, D. Ehm, S. Schmidt, G. Nicolay, S. Hiifner, 
J. Kroha, O. Trovarelli, C. Geibel, Phys. Rev. Lett. 87, 
106401 (2001); and references therein 

10 H.C. Manoharan, CP. Lutz, and D.M. Eigler, Nature 403, 
512 (2000). 

11 T. Jamneala, V. Madhavan, W. Chen, and M.F. Crommie, 
Phys. Rev. B 61, 9990 (2000) 

12 N. Knorr, M.A. Schneider, L. Diekhoner, P. Wahl, and K. 
Kern, Phys. Rev. Lett. 88, 096804 (2002) 

13 M.A. Schneider, L. Vitali, N. Knorr, and K. Kern, Phys. 
Rev. B 65, 121406(R) (2002) 

14 O. Ujsaghy, J. Kroha, L. Szunyogh, and A. Zawadowski, 
Phys. Rev. Lett. 85, 2557 (2000). 

15 M. Plihal, J.W. Gadzuk, Phys. Rev. B 63, 085404 (2001). 

16 P. Wahl, L. Diekhoner, M.A. Schneider, L. Vitali, G. Wit- 
tich, and K. Kern, Phys. Rev. Lett, (in press) 



17 N. Knorr, H. Brune, M. Epple, A. Hirstein, M.A. Schnei- 
der, and K. Kern, Phys. Rev. B 65, 115420 (2002) 

18 V. Madhavan, W. Chen, T. Jamneala, M.F. Crommie, and 
N.S. Wingreen, Phys. Rev. B 64, 165412 (2001) 

19 O. Jeandupeux, L. Biirgi, A. Hirstein, H. Brune, and K. 
Kern, Phys. Rev. B 59, 15926 (1999) 

20 L. Biirgi, H. Brune, and K. Kern, Phys. Rev. Lett. 89, 
176801 (2002) 

21 A. Bendounan, Y. Fagot Revurat, B. Kierren, F. Bertran, 
V.Yu. Yurov, and D. Malterre, Surf. Sci. 496, L43 (2002) 

22 M. Wessendorf, C. Wiemann, M. Bauer, M. Aeschlimann, 
M.A. Schneider, H. Brune, and K. Kern, Appl. Phys. A 
78, 183 (2004) 

23 E.V. Chulkov, V.M. Silkin, P.M. Echenique, Surf. Sci. 437, 
330 (1999); and references therein 

24 M.A. Schneider, et ai, unpublished results 

25 C.-Y. Lin, A. H. Castro Neto, B. A. Jones, 
cond-mat/0307185 

26 T. C. Hsieh, T. Miller, T.-C. Chiang, Phys. Rev. Lett. 55, 
2483 (1985) 

27 JR. Schrieffer, and P.A. Wolff, Phys. Rev. 149, 491 (1966) 

28 A. Ruban, B. Hammer, P. Stoltze, H.L. Skriver, J.K. 
N0rskov, J. of Molec. Catal. A: Chemical 115, 421 (1997) 

29 B.Hammer, J.K. N0rskov, Phys. Rev. Lett. 76, 2141 (1996) 

30 S. Frota-Pessoa, Phys. Rev. B 69, 104401 (2004) 

31 O. Ujsaghy, A. Zawadowski, Phys. Rev. B 57, 11609 (1998) 

32 P. Gambardella, S. Rusponi, M. Veronese, S.S. Dhesi, C. 
Grazioli, A. Dallmeyer, I. Cabria, R. Zeller, P.H. Dedrichs, 
K. Kern, C. Carbone, and H. Brune, Science 300, 1130 
(2003) 



